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Abstract 
The application of Electric swing adsorption (ESA) as a successful second generation technique to capture CO2 was evaluated. 
The objective of this work is to demonstrate that under certain conditions, ESA can be used in CO2 capture from flue gases of 
power plants. A process with seven steps was developed and tested for CO2 capture from a flue gas from a natural gas power 
station with emission levels of 1 Gton of CO2 per year with a content of 3.5%. The seven steps employed are: feed, rinse with hot 
gas, internal rinse, electrification, depressurization and two purge steps. Using this process we could obtain CO2-rich streams 
with purities of 89.7% keeping recovery around 70% and energy consumption of 1.9 GJ/ton of CO2 captured. 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
The global emissions of anthropogenic CO2 and other greenhouse gases (GHG) have increased significantly in 
the last years enhancing the natural greenhouse effect and producing the so-called global warming [1]. Power 
generation is one of the major stationary sources of emissions of CO2. Power stations using different fossil fuels 
(coal, oil and natural gas) have ensured secure energy supply and direct availability. If we want to continue using 
these resources we should find a strategy to remove one of the combustion products (CO2) and avoid its emissions to 
atmosphere. One of the solutions is to store the captured CO2 in secure geological locations, although its use in a 
new CO2-based chemistry can also be considered. The main problem of this solution relies on the technology 
employed to capture CO2. Flue gases of current power plants are a mixture of nitrogen, oxygen, carbon dioxide and 
water plus other minor contaminants. Capture CO2 from these streams is termed as post-combustion capture since 
the CO2 removal takes place after the power generation. A successful technology to capture CO2 from these streams 
can be retrofitted to existing power plants, enhancing the short-term reduction of GHG emissions.  
There are no commercial large scale power stations operating yet with post-combustion capture. Even though, 
fast advances are taking place all over the world, both in adapting and scaling up known CO2 capture techniques and 
also on finding secure geological locations for storage. Several techniques to capture CO2 in post-combustion power 
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plants are under scope. The most studied one is amine scrubbing [2-5], while scrubbing with other solvents [6], 
membranes [7-9] and Pressure Swing Adsorption [10-12] are also being fostered. The main focus of these 
techniques was in coal-fired flue gases where the content of CO2 is around 15%. On the other side, several 
technological problems were found when the flue gas comes from a natural gas fired power stations. In this case, the 
gas contains only 3-5% of CO2 and large amounts of oxygen. Also, increasing the purity of CO2 from 3.5% to 95% 
means an enrichment factor of 27 which is very difficult to achieve without spending large amounts of energy. In 
this case, adsorption technologies can provide a large and selective surface where the separation can take place 
efficiently.  
The main objective of this work is to present the Electric swing adsorption (ESA) technology as an innovative 
second generation technique to capture CO2 from flue gases. Particular interest will be given to treat flue gases of 
natural gas fired power plants with low CO2 content. In this initial process design, we have considered that the flue 
gas is composed by 3.5% of CO2 balanced by nitrogen. ESA is a cyclic and sequential process composed by 
different steps to use and regenerate the adsorbent in an efficient way. By now, there is no specific recipe to design 
and to arrange the steps in ESA processes and more than one configuration can lead to similar results. In this work 
we show a new cyclic configuration able to achieve a high purity CO2 stream and also with some energetic 
integration to reduce the power consumption (penalties) of the process.  
 
2. ESA process for CO2 capture 
Electric Swing Adsorption is the name that was given to an adsorption process where the regeneration is 
performed by increasing the temperature of the adsorbent using the Joule effect of passing electricity through a 
conductor [13-16]. In fact, regeneration of the adsorbent is carried out by the reducing the equilibrium capacity of 
the materials. In these terms, it seems that the principles of operation of the ESA process are similar with the 
operation of the most known Temperature Swing Adsorption (TSA), but there are substantial differences in unit 
productivities (electric heating is much faster) and to concentrate non-condensable gases (heating is not performed 
with a diluent). The adsorbent employed in ESA experiences large differences in temperature, so significant 
differences in loading at low and high temperatures are expected. This is normally translated to high values of heats 
of adsorption and maximum performance can be achieved if the concentration of the gas to be adsorbed is small. 
This process is not suitable for removal of large contents of gas; in those cases Pressure Swing Adsorption seems 
more appropriate [17].  
The ESA process is mentioned in several reports as one possible technique to capture CO2 from flue gases, but so 
far this process was commercially employed to remove volatile organic compounds [18-23]. Only two technical 
works report some experimental data on CO2 capture, both using commercial adsorbents. We have employed a 
honeycomb monolith of activated carbon [24] while the group of Prof. Grevillot has used a bed filled with zeolite 
13X extrudates [25]. We have ensured good electrical properties, but activated carbons have very low CO2 loadings 
at low partial pressures making impossible its direct use for this purpose. On the other side, zeolite 13X ensures high 
capacity at the expense of requires external wiring to conduct electricity which may be rather difficult to scale-up to 
treat flue gases from a power station.  
An adsorbent with good electrical properties (able to conduct electricity) and with high loading of CO2 at low 
partial pressures is not available. In order to determine the applicability of the technology for post-combustion 
capture we have assumed that the adsorbent is available and is constituted by a composite material comprising 80% 
of zeolite 13X crystals merged by 20% of a conducting matrix that can be graphite for example [26]. Using this 
adsorbent, we have simulated a five-step ESA cycle. The cycle comprised a feed, an internal rinse where the column 
started to be heated passing electricity but allowing some gas to leave by the top, electrification (where the high 
temperature is achieved by passing electricity in the closed column), depressurization and purge. A CO2-purified 
stream is collected both in the depressurization and purge steps. It was also determined that for an inlet flue gas with 
3.5% of CO2, if the adsorbent has a capacity higher than 1.05 mol/kg, a cooling step is not required and cooling is 
done co-currently with the feed step. With this five-step cycle we were able to recover 79.5% of the CO2 in the flue 
gas with a purity of 79.4%. The energy required was 2.04 GJ/ton of CO2 captured. At least 90% of the energy was 
required to heat the adsorbent from 310K to 455K while the rest of the energy is used in the fan required to recycle 
5-7% of the purified stream to purge the columns.  
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With this five-step cycle we have obtained an enrichment of 22.6 times. This value can be considered as very 
good, but unfortunately is not enough if we are interested in producing a CO2 stream with 95% purity. To achieve 
higher purities, we have two different alternatives. We can think about a material having a higher capacity, or we 
can change the arrangement of steps to improve the ESA performance. Materials with higher capacity can be 
obtained by combining the same binder with novel adsorbents that can achieve loadings of 2.94 mol/kg at 5 kPa of 
CO2 [27]. This capacity is significantly higher than the values we have assumed for our adsorbent and thus much 
higher performance is possible. It should be pointed out that an adsorbent with very high capacity is highly preferred 
since less material is used and thus less energy is used for heating. In this work we have not changed the properties 
of the adsorbent but made some modifications to the cycle presented previously achieving higher purities and also 
reducing the energy penalties.  
Our mathematical simulations are based on a previously published model used to describe the separation of CO2 
by Electric Swing Adsorption (ESA) using an activated carbon honeycomb monolith [24]. This model considers that 
the solid is bidisperse (composed by micropores and macropores), that the pressure drop is described by the Darcy 
equation and also with energy balances in the gas and solid phases as well as in the column wall. The set of partial 
differential equations was solved in gPROMS software. The complete list of operating conditions employed in the 
simulations is detailed in Table 1. The simulations were performed in order to treat a flue gas from a gas fired power 
station with emissions of 1 Gton of CO2 per year and with a content of CO2 of 3.5% (balanced by N2). The existence 
of oxygen is not quite relevant since adsorption properties of N2 and O2 in zeolite 13X is quite similar. The most 
important simplification made here is the fact that water was previously removed. We have considered that the 
adsorbent is composed by 80% of zeolite 13X which provides all the capacity for adsorption [28] while the other 
20% do not contribute to adsorb CO2 and only provides a conducting media for electricity. We have assumed that 
the adsorption kinetics in zeolite 13X crystals is not affected and thus the crystal diffusivities are according to values 
reported in literature [29]. The adsorption equilibrium data was described using the multi-site Langmuir model 
(parameters detailed in Table 1).  
 
Table1. Conditions employed in ESA simulation using the seven-step cycle developed 
Column and feed properties Step Times 
Column length (m) 11.62 tfeed (s) 600 
Column diameter (m) 7.38 thot rinse (s) 180 
Column porosity 0.40 tinternal rinse (s) 480 
Feed flowrate (m3/s) 330.87 telectrification (s) 900 
Feed temperature (K) 310.15 tdepressurization (s) 60 
CO2 molar fraction 0.0350 tpurge (s) 42 
Adsorbent Heat capacity (J/mol.kg) 900 tpurge to recycle (s) 180 
Wall density (kg/m3) 1166.7 tcycle (s) 2442 
Adsorption Equilibrium Parameters CO2 N2 
qmax (mol/kg) 3.00 3.00 
(-¨H) (kJ/mol) 45.0 20.0 
K0 (kPa-1) 4.25u10-9 4.6u10-7 
ai 1.0 1.0 
Adsorption kinetic parameters  
Ea (kJ/mol) 22.0 25.1 
Dc0 (m2/s) 5.5u10-11 4.6u10-10 
 
3. Results and Discussion 
The main reason of the purities around 80% obtained in our previous work, was because the CO2 was recovered 
from two different streams: the exit of depressurization and purge steps. The stream leaving the depressurization 
step has normally purity higher than 95%, but the stream leaving the purge is highly contaminated with nitrogen 
(purity around 70%).  
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In order to improve the process performance, we have decided to modify the ESA cycle by introducing new steps 
to include the possibility of recycling some CO2. At the end of the feed step, the column has the CO2 adsorbed and a 
large amount of moles of N2 in the gas phase (96.5% in the entire column). Afterwards, some of this adsorbed CO2 
is desorbed by heating the column, displacing the N2 from the gas phase, consuming electricity. Other important 
observation noted before is that if we decrease the duration of the purge step, the decrease in recovery is drastic: 
achieving purities around 90% will lead to recoveries smaller than 50%. It should be pointed out that the stream 
exiting the purge step is at high temperatures. Merging these observations, it seems that a partial recycle of the 
stream leaving the purge step may fitfully work here.  
Recycling a hot stream with a higher CO2 content will help reducing the N2 content in the column prior to 
electrification and also (once that the stream is hot) we will be able to reduce the electricity consumption once we 
are pre-heating the column for desorption. As the content of CO2 in the purge step decreases exponentially with 
time, the purge can be divided into two steps. In the first one, the gas with high contents of CO2 is still recovered as 
product while in the second step, the stream exiting is recycled. One extreme is total recycle of the purge and the 
other one is total recovery, which is the option that was previously employed [26]. The resulting new scheme is 
shown in Figure 1. In the image, seven steps are employed: feed, rinse with recycled hot gas, internal rinse to deploy 
nitrogen from the column, electrification, depressurization, purge and the final step that is the purge to provide gas 
for the recycle.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Scheme of the different steps employed in the ESA process to capture CO2 from flue gases. Steps 
are: (1) feed; (2) rinse with recycled gas; (3) internal rinse; (4) electrification; (5) depressurization; (6) purge; 
(7) purge to provide gas for recycle. 
 
 
To have a direct comparison with previous results without rinsing with heavy gas, we have kept the properties of 
the column and its dimensions as well as composition and flowrate of the feed step (see Table 1). A very interesting 
property of the ESA cycles is the easiness to reach the cyclic steady state (CSS). After the first cycle, almost all 
variables are very close to the CSS value, which is attained after four cycles. An example of the results obtained 
with this new cycle is shown in Figure 2. The mass transfer zone within the column in the feed step is quite spread, 
although very little diffusional problems exist. The heat of adsorption of CO2 released in the feed step results in a 
temperature increase of 20K (Fig. 2d) that has a very strong influence in the CO2 adsorption capacity (Fig. 2b), 
spreading the mass transfer zone. The new rinse step has an important role in increasing the content of CO2 in the 
column before the thermal regeneration, both in gas and adsorbed phases. Important conclusions from this example 
can be taken from the molar flowrates exiting the column (Fig. 2c). It can be observed that in the feed step there is a 
fast pulse of CO2 that corresponds to all CO2 not removed in the purge steps. The other important thing to be 
observed is the decrease of CO2 in the last steps of the cycle (6 and 7). In this simulation, the purity obtained was 
89.8% with 72.0% of recovery. It can be observed that the purge step (step 6) has some steady contamination with 
CO2 but the amount of CO2 strongly decreases. The overall purity of this stream is 80.0% that mixed with a purity of 
96.5% coming from the depressurization step, results in the overall value of 89.8%. Thus, reducing the time of 
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purge, higher values of purity can be obtained, but there is a penalty in the recovery: if more gas is recycled to the 
column, it will break through the adsorbent. Larger columns are not an interest solution since more power should be 
employed to heat them.  
Regarding the power consumption, using the recycle of hot gas, it was possible to reduce 4 minutes of application 
of electricity to attain the same temperature at the end of the electrification step. On the other side, as we are 
including a new recycle in the cycle, a new fan should be introduced to recompress the stream exiting the purge to a 
higher pressure to deal with the pressure drop. In the example provided in this work, we have a power consumption 
of 1.9 GJ/ton of CO2 captured. This value is not very different from our previous value because we are also losing 
more CO2 (recovery of 72%).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Simulation results of an ESA process for CO2 capture from flue gas of natural-gas fired power 
plant: a) CO2 molar fraction; b) CO2 amount adsorbed; c) molar flowrate; d) temperature. The values are 
reported at the end of each step in cyclic steady state. Conditions employed are detailed in Table 1. Steps are: 
(1) feed, 600s; (2) rinse, 180s; (3) internal rinse, 480s; (4) electrification, 900s; (5) depressurization, 60s; (6) 
purge, 42s; (7) purge for recycle, 180s.  
 
 
This example show that the ESA technique has a power consumption that is comparable with the values obtained 
for CO2 capture from flue gases of coal-fired power stations, where the content of CO2 is around 15%. This is an 
indicative that ESA technique can be competitive with other capture techniques. To have this technique ready for 
operation, several technical issues should be addressed. In particular, the feasibility of having an adsorbent with the 
adsorption characteristics described in this work, without serious kinetic limitations for adsorption in the zeolite 13X 
crystals. Other situation that should be solved is the influence of water. Zeolites adsorb water very strongly, reason 
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why water should be previously removed. This can be done even with activated carbon that can be used as an initial 
layer or in a separate pre-treatment unit. Alternatively, the adsorbent can be made of other material that can 
withstand water and perform some chemical bonding with CO2 that can then be regenerated with electricity. In this 
case, the electric consumption can be reduced significantly.  
4. Conclusions 
We have studied the performance of Electric Swing Adsorption as merging technique for CO2 capture from flue 
gases of natural gas power stations where the CO2 content is 3.5%. A new configuration with a partial recycle of 
CO2 was evaluated as a pre-heating technique that can also help us to enrich the concentration of this gas prior to its 
desorption. The cycle employed comprise seven steps: feed, rinse with hot CO2-rich stream, internal rinse, 
electrification, depressurization and purge that was divided into two steps. The CO2-rich stream is recovered in the 
depressurization step and in the initial moments of the purge. With this new cycle configuration we have achieved a 
CO2 rich stream with purity of 89.7% and recovering 72.0% of the CO2 of the inlet flue gas. The energy 
consumption of the process was estimated to be 1.9 GJ/ton of CO2 captured, which is in the same order as other 
technologies employed in CO2 capture from flue gases with 15% of CO2. The results obtained in this work provide 
strong evidence that ESA can be one of the technologies that deserve further studies as second-generation capture 
technique.   
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